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ABSTRACT 


• vi 


The forward I-V characteristics and forward resistance of 
the PIN diodes are calculated with the band gap narrowing effect 
taken into consideration. It is found that at low currents, the 
band gap narrowing affects the forward resistance of PIN diode. 
At high currents, the BGN modifies the I-V characteristics. An 
optimum life time is also found at which the forward voltage is 
minimum. 

In the reverse characteristics of PIN diode the breakdown 
voltage is studied. The dependence of breakdown voltage on 
impurity gradient is seen and it is noticed that the knowledge 
of impurity gradient is necessary for the accurate prediction 
of breakdown voltage. 
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IHTRODUCTIOIT 

Ever since the PIN diode was first discovered by 
¥.B. Prince [l] as a hi^ voltage rectifier with a low 
forward resistance, it is finding more and more applications* 
Ulhir [2] in 1950 has pointed out its microwave potential. 
Since then, it has been used invariably as a microwave semi- 
conductor device. Besides being used as a high voltage recti- 
fier at low frequencies, there are high frequency applications 
as microwave switch, attenuator, modulator, phase shifter and 
protector etc. PIN diode offers high response speed, compact- 
ness, long life and high reliability. 

1 . 1 IHE PIN DIODE PARiMEIERS AND THEIR IMPORTANGE 

The diode parameters which are important for the above 
mentioned applications are ; 

(a) Junction capacitance 

(b) Switching time 

(c) Eorward resistance 

(d) Breakdown voltage 

PIN diode, while used as a microwave switch, can be 
series or shunt connected. While used as a shunt connected, 
the switch shall be ’off* when it is forward biased and ’on’ 
when reverse biased. In series connection, the switch is ’on’ 
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when the diode is forward biased and ’off’ when reverse biased. 
The performance of the switch is measured in tenas of isola- 
tion when it is 'off’ and in terms of inseirtton loss v;hen 
it is 'on', ’'/here isolation is defined as the ratio (in dbs) 

^f power incident at input to the power transmitted by the 
switch when it is in 'off condition and insertion loss is 
defined as the ratio (in dbs) of the power incident at the 
input to the power transmitted by the switch when it is in 
'on' condition. 

The junction capacitance is an important parameter from 
frequency point of vievj. It limits the highest frequency at 
v/hich the Plli diode can be used. As the capacitance increases 
the reactance at a particular frequency decreases and hence the 
insertion loss increases while used as a shunt connected (and 
isolation decreases if used as a series connected). 

^he switching time of the diode gives the information 
about the speed of transition from forward biased state to 
the reverse biased state and vice-versa. The switching time 
depends upon the power which the diode is supposed to handle. 

The higher is the power handled, higher will be the switching 
time of the diode. 

^he forward resistance of the ?IF diode, at a particular 
bias current fixes the isolation if it is used in a shunt cannect 
(and insertion loss if used in a series connection). Since in 
different applications it is biased at different current, it is 
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important to know the dependence of forward resistance on 
forward current accurately.. It will be then quite useful 
for device designer in designing a suitable device with exact 
specifications. Hence there is a need to find out the accu- , 
rate 1-7 characteristics so the forward resistance dependence 
on forward current could also be calculated. 

The breakdown voltage determines the upper limit of d.c. 
voltage upto which a PIF diode can be used in reverse di.rection 
Therefore, it determines the pov;er handling capability v;hich 
is also dependent on frequency. 

1.2 THE DIODE OHARACTSRISTIOS 

The forward resistance and the breakdown voltage depends 
on the following material parameters. 

(a) base region width 

(b) base region doping 

(c) minority carrier life time 

(d) diode geometry 

1.2.1 The Eorward 1-7 Oharacteristics 

So far a lot of work has been done in order to investi- 
gate the for\>?ard 1-7 characteristics of diode and to find 
out the effect of base region doping, base region width and 
carrier life time on its behaviour. Though the PIH diode i.a 
the present form was first proposed by Prince [i] in 1956, 
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Hall [3] in 1952 gave a theory for similar type of 

structure. He assumed that the total forward current is due 

to the recombination in the middle region only. EHeinman [4] 

then proposed a theoiy in which he neglected recombination in 

the base and found exp(V/7^) dependence of current at low 
2 

currents and V dependence at hi^ current , Pletcher 

2 

later found that the current varies as 7 at higher currents 

but at lower current the dependence is of exp(7/27^) nature, 

which was found by Hall also. The conflicting theoiy of 

Kleinman is due to his inadequate treatment of carrier life 

time in the base region. Fletcher further found that change 

in mobility and life time does not change the 1-7 characteri- 

2 

sties appreciably. Howard and Johnson [6] suggested 7 

dependence at higher currents after including carrier - 

carrier scattering effect also. But this dependence is valid 

only when W/1 < 1 (where ¥ is the base region width and L 

is the diffusion length in the base) and carrier concentra- 

16 3 

tion in the base is less then 10 /cm'^. When W/1 > 1 or 

16 3 

carrier concentration increases more than 10 /cm"^, the 

current varies as 7^ where n is greater than 1. Herlet and 
Spenke [7] analysed PIH diode 1-7 characteristics without 
taking injection efficiency to be unity i.e. they considered 
the end region currents also, and found that this effects the 
J-7 characteristics considerably. 
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Ghoo [8] examined the influence of life-time on J-V 
characteristics and found that at optimum life time a mini- 
mum in forward voltage drop occurs for a certain value of 
current. The effect of base width and doping on J-V chara- 
cteristics has been studied by Kao and Muss [9] as well 
as by Graham and Hauser [10] . Kao and Muss calculated a 
theoretical limit on forv/ard voltage drop for a particular 
breakdown voltage, Graham and Hauser found exp (7/27^) 
relationship for low base doping which, for high base doping, 
changes from exp (Y/ 27^) to exp (7/7^) and further to exp(7/27j) 
as the Voltage is increased. 

As could be seen from the fore-mentioned analysis that 
the effect of band gap narrowing on PIN diode J-7 characteri- 
stics , has not been included by any of the workers. It has 
been observed experimentally that the forward voltage drop 
across PIN diode is higher than that has been calculated 
theoretically. The inclusion of band gap narrowing has 
already explained the discrepancy between the experimentally 
observed injection efficiency and the theoretical predicted 
one [ll] . It has also explained the temperature dependence 
of transistor current gain [12] . The influence of band 
gap narrowing on minority carrier current was found by Pe Man 
[l3] . With the help of this 7an Overstraeten [14] later 

explained the discrepency of emitter efficiency at higher 
currents. Keeping this in mind, the effect of band gap narrow- 
ing on PIN diode forward characteristics has been studied in 
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the present v^ork. It -was found that though the hand gap 
narro-wing does not effect the J-V characteristics at low 
currents, it does affect the forv;ard resistance. At higher 
currents, band gap narrowing modifies the J-7 characteristics 
also. 

1.2.2 The Reverse J~7 Characteristics 

In the reverse bias state, the breakdown voltage was 
calculated by Van Overstraeten [15] He assumed constant 
doping in the P and F region and also solved a simplified 
ionization integral equation' in the base region. Moreover, the 
effect of depletion region width in P"*" and K'*' region was not • 
taken into consideration.. It was found, however, that the theo- 
retical breakdown voltage is much higher than the obsc.rved 
breakdown voltage. The reasons for the discrepency are the impu- 
rity gradients at the two junctions, surface characteristics such 
as surface state charges and the dielectric coating at the 
surface which alters the surface electric field. 

An attempt, in the present tvork , has been made to study 
the effect of impurity gradient at the junctions, the impurity 
gradient being one of the many factors responsible for the 
lowering of breakdown voltage. One dimensional numerical ana- 
lysis, with constant, exponential and Gaussian doping profile in 
the heavily doped regions has been done and breakdown voltage 
is calculated by solving exact ionization integral. It is found 
that impurity gradient at the junctions does affect the breakdown 
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voltage and an accurate knowledge of the diffused minority 
profile is necessaxy to predict correct breakdown voltage, 

1 . 3 OVERVIEW 

In Chapter 2, the forward J-V characteristics is 
discussed. Firstly, the previous theory of Hall is given. 
Then, the fojcwaird J-V characteristics is calculated with the 
reduction in band gap due to higher impurity/ carrier concen- 
tration being considered. 

The forward resistance of PIN diode has been calcu- 
lated, in Ohapter 3 using the forward J-V characteristics 
of last chapter. The affect of band gap narrowing, base 
width and life time on forward resistance is also discussed 
in this chapter. 

Chapter 4 deals with the breakdown voltage of PIN 
diode. The breakdown voltage is calculated for different 
impurity profiles in heavily doped regions. Then, the 
factors causing the reduction in breakdown voltage are dis- 
cussed. Finally, some geometries to improve breakdown 
voltage are described. 

The conclusions of the present work constitutes the 


last chapter 



CHAPTER 2 


EPPECT OP BAIH) GAP HARROWING OH POK''rARB CHARACTERISTICS 

#■ 

The forward J-V characteristics of PIH diodes have been a 
subject of extensive studies. In the present chapter, the effect 
of band gap narrowing on the forv;ard characteristics is found and 
discussed. The first section deals with the band gap narrowing 
effect, its origin and empirical relations given bj various in- 
vestigators. This is followed by the derivation of modified 
relationship between current density and voltage for low and high 
currents. In the last section the results are discussed. 

2.1 BAiID GAP HAEROWIHG 

The band gap narrowing occurs in heavily doped semicondu- 
ctors. This can be explained in two ways. The first is the 
overlapping of wave function wjith the increase in impurity atom 
concentrat ion. As the impurity atom concentration increases, the 
average distance between these atoms decreases. Therefore, the 
mutual interaction between the impurity atoms increases which 
results in the overlapping of wave function. The overlapping 
leads to the split of energy level of individual- atoms into a 
band of energy known as impurity band. The other mechanism by 
which the band gap narrowing is explained is the random distri- 
bution of impurity atoms in the crystal. To explain, let an 
arbitrary impurity atom is isolated. How the effect of all the 
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other impurity atoms on the potential energy of electron 
associated mth the isolated impurity atom could he calculated. 

As different impurity atoms -will he considered, the potential 
energy will he different. This is due to the fact that impurity 
atoms are randomly distributed. The difference in the potential 
energjr will lead to the split of ionization energy of impurity 
atoms which is detected as broadening of impurity levels. 

Obviously, the width of the impurity hand will increase 
with the increase in the concentration of impurity atoms. At 
high concentrations, the upper edge of the impurity hand merges 
in the conduction hand for n type semiconductor (for p type 
semiconductor, the bottom edge of impurity hand merges in the 
v^alance hand), tinder these circumstances, one can not speak off ; 
impurity hand and conduction hand literally, as single continuous 
hand emerges resulting in hand gap narrowing. Recently, lany-n 
and Tuft [16] explained that hand gap narrowing occurs due to 
the screening of minority carrier charge by the majority carri- 
ers. Therefore, in the device where high level injection occurs, 
it is the charge carriers which cause hand gap narrowing. 

Different workers have given different empirical formula 
to determine hand gap narrowing quantitatively. Volfson and 
Suhashiev [17] in 1967 investigated experiment ally the fundamen 
tal optical absorption edge of silicon and found changes in the 

19 3 

bandgap only for impurity concentrations above 1,85x10 /cm . 

They have found that 
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&Iig = (2.1) 

-where A 1 = 'band gap narrowing, eY 

s 

= 3.4x10”® 

3 

= impurity atoms concent rat ion/ cm 
= 1.85xlo"'^/cm^. 

Band gap narrowing in silicon has been determined in the base 
region of bipolar transistors by Slotboom [18J . This effect 

becomes important for impurity concentration greater than about 
10 / cm . !Ehe experimentally derived band gap narrowing as a 

function of impurity concentration is given by the following 
empirical formula 

ABg = (F + 0)) 

where = 9 meY 

F = la(F/F^) 

IT s impurity atom concentration 

I = lO^'^/cm^ 
o 

C = 0.5 

lanyon and 5!uft [16] determined band gap narrowing theoreti- 
cally and compared the results with the experimental results. 
Ihey suggested 

AE^ = 22.5(1T/10^®)^ meY 2.3(a) for 3xlo"*'^< n< 2x1o’’^ 

s 

Al_ = 162 (N/IO^®)**/^ meY 2.3(b) for 5x10^^ < n < 1.5x10^® 

8 . . 
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where 

-3 

N = impurity atom coQceatration, cm 

®he band gap narrowing, given by the above relationships, 
is plotted in Pig. 2.1 as a function of impurity atom concen- 
tration. Only the last two relationships, i.e. eqn. (2.2) and 
eqn. (2,3) are used in the investigation of present chapter. 

The consequence of the band gap narrowing is creation of 
an electric field in the heavily doped semiconductor end the 
modification in the intrinsic carrier concentration. The 
electric field is given by 


E = ^ 
o q 


dx 




(2.4) 


while the intrinsic carrier concentration, i.e., in the heavily 
doped semiconductor is given by 
p P ^ 

nie (x) = n^^ exp(^^^) (2.5) 

where n^^ is the intrinsic carrier concentration in the light 
doped semiconductors. 

2.2 GAERIER TRA.NSPOHT IF P IN' DIODE 

The previous theory of Hall [3] is based on the following 
assumptions. 

(a) Uiit injection efficiency at both the junction, i.e. the 
forward current consists of the current due to recombination in 
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the middle region only, the end region currents being too 
small are neglected. 

(b) 3]he ambipolar diffusion length is constant over the 
entire middle region. 

(c) The total voltage drop across the PIN diode is the sum of 
the voltage drops across junctions. The drop across middle re 
gion, being negligibly small, is neglected. 

With these assumptions and starting with the continuity 
equation. Hall has derived the following equation between the 
current density J and the total voltage drop W. 

2q D n. ... qV 

^ ^ ^ ^^‘2 L (2.6a) 

dr 

where 

(•2^'-" tanh(^^ ) tanh^("2^^ (2.6b) 

a "^a "^a a 

The equation (2.6a) bears a striking similarity to that 

for high level injection in n"^? diode. 

p'^ yi mi- 

— , j --..j 

= f j \ i i 

I * ♦ ^ i 

i ’ ! (I 1 

r ^ 1 i 1 i 

; I 1 ^ ^ 

: ft If ) 

1 . - ... .._j . ... .J. 

o X>, w.,, 


Pig. (2.2) The P'^N N'*' Diode 
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2.5 J^V GHAHACTlilRISTICS OP PIff DIODE INCLUDING BGN EEEEOP 


2.5.1 At Low Currents 


Let us consider a P'^N diode as shown in Pig. 2.2, Let 
E^ be the electric field produced bj the band gap narrowing in 
the I region. Then the total electric field in the I region 
■will be (E+B^). liow the two current equations and the conti- 
nuity equation can be written as 


J = q p U-nC® + E ) — q Dp 
p ' p' o dx 


Jq = 9 IV(B + fl 


P _ n ^ 

dx' “ ~ dx “ ” T 


(2.7) 

(■2.S) 

(2.9) 


The continuity equation (2.9) is written for high level 
infection and therefore the following relationship will hold good. 


n(x) = p(x) 


( 2 . 10 ) 


=5-\ P(^) (2.11) 

The electric field in the middle region can be written by 
Combining eqn. (2,7) and (2,8) with (2.10) and (2.11). 

+ Jp = 9 P(E + (l‘n + l‘p) + q g (B^ - Dp) 

J = Jp + J . qp?^(1+t)(B+E^) + ql>p(l:-1) 
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J S. q ^^p(i3~i) ^ 

" q q ^ip ptb+i") • dx 


qp'i^pl'^TbT 


KT b-1 

T b;i 


I |2 _ 1 

p dx o 


Wisd+tT 


^ b-1 

q bV1 


.II. Ajj 

p dx q dx g 


(2.12) 


Ihus, the voltage across I region can be found by integrating 


E in the base region. 


. 7 ^ = J B dx 


« J ... -J. 
qp iipO+b) 


^ q ' b+1 * p* dx + ^ g* dx^^g*^: 




I q iip(i'+b) J p 




P(o) 


AB„(o) 


yv 

* ^riir+ij') 5 + r Ki 


+ -^(iSgCW^) - AEg(o) 


(2.13) 
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The carrier concentration p in the middle region can he found 
using equation (2.7) and 2,8. Prom (2.S) 


B + S ^ 


qn' P, 


m 


ii . Jl . ^ 
q n * dx 


with the help of eqn. (2.10) and (2.11), it can he w^-atten as 


E . E. = „-A . - S 1 


<3P P. 


n 


q p dx 


on keeping it in eqn. (2.7) 


J = qp {1 (-’ _ — — ^) - q D ^ 


P qp Pn q p dx 


p dx 


J 

P a 


KT 


P 


q P. 


n 


^ _ 


p dx 


q D 


p dx 


J _ 1 j 

p h n 


- 2q B JE 
p dx 


(2.14) 


On taking the derivative of above equation 


dJ . dJ ,2 

- , P _1 . = _ 2q D 

dx h dx p 


d 

ax’ 


On combining this with equation (2.9) 


.SE.1 SE = .2ql, 

T h T P 


4.i 

dx' 


or 


dx' 


= JE (,!+?>) 

2ql> T ^ b '' 


or 


'-I 

dx IT 


(2.15) 
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■where 

= 2 V OibT 

Ihe solution of equation (2.15) is given hj 

P = -^ cosh(x/l) + B sinh(x/L) (2.17) 

where A and B are constants. 

Ihe boundary conditions can be found by assuming injection 
efficiency to be unity. Therefore, 


at X = 0 


and 


X = ’f. 


n 


J = 0 
n 




(2.1S) 

(2.19) 


With the help of equations(2.l4) , (2, IS) and (2.19), the boun- 
dary conditions for (2,17) can be written • 


at X 


J =0, and J = -2q D ^ 
n ’ p ^ p dx 


Therefore, J = -2q D, 


or 


dp 

Ji! x=0 




P dx 


«x=0 


lE 


at X = Jn = b Jp = 0 


Therefore, J = 2q b 


i£ 

4 


n 


or 




dxi ,, =2.b.q.B 

* X=Wi5_ ^ 


(2.20) 


( 2 . 21 ) 


on differentiating equation (2.17), we get 
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^ ^ sinli(x/L) + ~ cosh(x/l) 


at X = 0, 



x=0 


^ sinh(O) + ^ cosh(O) 


Prom eqn. (2.20) 


— 0 + — 
1 * ^ ^ L 


J 

'2q D 


or 


B = - *. 


J.L. 


2q D, 


at X = ¥^, 




dx ? 


x=W, 


a ^ ^ 

= ^ siah(|p) + ^ cosh(^) 


n 


Prom eqns. (2.21) and (2.22), 
¥ 

q 

or 


¥ 


I 2.q.I)p^ I - 2VqDp 


¥ 


¥ 


A _,-„v / ■n^ __ J . _ J i_ /■ n 


sinh (y^) = 


or 


A = 


'IT' 

cJ • Xi • 


2-bqj)''‘ 2qB 


cosh (^) 


'¥ + cosh(^)] 


¥ 


2.q.r> 


P sinh(Y^) 


( 2 . 22 ) 


(2.25) 


Keeping the value of A and B from equations (2,22) and (2.25 
into (2.17) we v;ill get 
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T T 1 cosh(W /L j j 

^ '“"W ^ h cosh(x/L) - 1*1'- sinh(x/I) 

^ sinhCjS^) P 

or 

-r -r 1+b cosh(W /L) 

^ =osh(x/I,) - sinh(x/l)] 

p ^ 

or 

J cosh x/1 + b cosh(lf^/L) cosh x/L - b sinh(x/L) sinh(W / 

^ ~ ”2(^^ ^ ■ b."iinh (W^'/Z) ” ~ * — 

or 

^ ^ (\-x)/l] (2.24) 

Using the above equation, the carrier density in the base region 
is plotted in ^'igs. 2.3, 2.4 and 2.5 for different values of life 
time and forward current density. 


I’o find Vj we have to integrate 1/p with respect to dx. The 
eqn. (2.24) can be rewritten as 


, -r -x/L -(\-x)/l: 

J.l* 4* e 

^ h 'sinh(F/l') ^ -p- + b ( ™-2 


-I 


or 


p = C [a e^/^ 


+ B e 


-x/L J 


(2.25) 


where 
0 = 


'2q I)p"b'^sinh r\Ay 


~¥ /L 

A = i + -I b e ^ 

¥ /L 

B = % + i b e ^ 


( 2 . 26 ) 

(2.27) 

(2.2s) 




a.rrt?..-*' 







4Ta ri^/ 
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Now, 


¥ 

r 1 




(■n 


dx = 


G [a + B 


dx 


(2.29) 


Since, 

I - 


dx 


„ ,mx , ~mx 
a e + b e 


•1 ^ mx 

' . tan” (e V §) 

m Vab 


(2.30) 


Put x/L = Y and dx = L dy in equation (2,29) 


¥ W /L 

n -j a' 

s i 


:;(A + B e"^) 


(2.31) 


In analogy to eqn, (2.30), eqn. (2.31) can be written as 


W, 




¥ /I 


n 


Vab 


0 


or 


0 Vab 


¥ /I 

[tan"''{e“ iT tan”^ e f | } ] 


or 


¥ 


n 


^ L.2q D b sinh(¥ /L) 

} lax=-.-.E- 


^ t e-n-)) 


■ ' -W„l% 


[ tan { e ^ f -■ ■ ■ ~'~ 

■S' + i b e 


¥ /L 


n' 


yaA' 


-’f /I. 


^ i b e 


w /ll 

n 


(2,32) 
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Combining eQns. (2.13), (2.21) and (2.52), can be -written as 


sinh W /L 
n 


-1 


I?b-'2^'" • {e 

^ ^ ^ Ib^ + 2b Tjosh(’^^^/L) + 1} * 


¥ /L 
n' 


f 


1+b e 


-W./I. 


n 


Vjr >- 


1 +b e 


n 


-¥ /L 


-1r^r1+b e ,1 SH (b-1) . r b+cosh(%/L) . 

tan {\f - -T, Tx-) ] + ~ 'xVl) 1“ C t,-coshlw;7i;}-^.T] 


1+b e 


t I [4Eg (\) -ABg(O)] (2.33) 

Fow the voltage across P'^-F and F-F"^ j-unction can be fo-und using 
Boltzmann law for junctions which states that if P is the thermal 
equilibrium carrier concentration and P is the carrier concentra 
tion after a voltage Y is applied across junction then 

Qr 

qY 

P = P. exp(j^^®') 

Y =|^-ln(P/P) 
a 4 

let, Y^ be the voltage drop across left junction and Y^ be 
across right junction. 

also p(x) ; is the thermal equilibrium hole concentrat ion in 
n region 

p(x) ; is the equilibrium hole concentration after the 
voltage is applied. 

Fow, the voltage across left and right junctions is 

V _ ^ In 

^1 " q 5(0) 


(2.34) 
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7^ = ^ In — S- 
^ n(¥ ) 


(2.55) 


Y Com'bining equations (2.34), (2.55) and (2.10) 

^ ^ P(0). n(¥^) 

Since n region is constantly doped. Therefore, in thermal 
equilibrium 


n p * n. 

£5, P(0). P(W^) 

~ ^ 2* “ ' ■ 

^i 


(2.36) 


On calculating P(0). p(W^) from equation (2.24) 

P(o). P(W ) = {^ /uAhCW-7-l,T>^t^‘‘ oosh(Vl')+ U 

p a 

{b + cosh(¥^/l)} 

P(0). P(¥^) = 0^ . 

•where 

2 

^ Tq b^siHh'(¥ “/’L^} < ^ cosh(¥^/L) + 1} { b+cosh(¥yL) > 

(2.37) 


Therefore, 


^1 ''^R 


SS. 

q 


2 2 

ln(° J ) 
“i 


or 


2KT 


(2.53) 
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The total Voltage drop across the diode is the sum of the 
voltages across left junction, base region and right jxxnction 


or 






Using eqn. (2,3S) 


(2.39) 



Therefore, 

n. qVy2ET -qV^/2KT 
J * ^ . e 

Lf 

Qy 

J = exp(2j^|) 

n. -qVy2KT 

where J = - il- e 
s C 


(2.40a) 

(2.40b) 


and C, Yj are given bj equations (2,57) and (2.33) respectively. 
2.3.2 At high Currents 

So far, we have assumed unit injection efficiency. But as 
the current is increased, the end region currents can not be 
neglected, Herlet [7j has considered the end region currents 
also. Instead of boundary conditions given by equations (2.17) 
and (2.1s), he has assumed the following boundary conditions 


J (-d) = h-,J 
n 1 

J (+d) = r) J 
p r 


m 


= 

m 


(2.41) 

(2.42) 


(2.43) 
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As the sum of the three components is eoual to the total 
current, the magnitude of and are related with 

each other by the relation 

\ + \ + \ (2.44) 


With these boundary conditions, Herlet has derived a theory 
for J-V relationship which at low currents could be approximated 
by the Halls theory. At high currents it gives the following 
relationship 


J 

^-E ~ Ib+1)* 


S 


q n, 2 d b 
( ^ P 

^ ff+b)' L *" 


1 

* fj IT ‘ 

ps ms 


tanh2(^) /(/- 


1 ) 


(2.45) 


where Jj, is the total forward current, and J is the current due 
to the recombination in the middle region. 


The voltage across the base region (in which the end 
region currents are significant) is given by 


Y = —£ Y 

''m j 'm 


where 


sinh ¥ /I 
n 


Y = - -A., • 

M q 1+b {■(3^^2b cosh(W^/L) + 1} 


I [t: 


-¥ /I 

^ -'I . + b e ^ 

tan --iY /i;!] 


1 + b e 


n 


(2.46) 


-! 


{e 


n 


It-b e 


-W^/L 


(2.47) 


which is only the first teim of equation (2,35). -Actually, in 
the derivation of Yj, due to the ass\imption of unit infection 
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efficiency, J in the first term has been cancelled out, Other- 
•wise a multiplication factor Jp/J vill come. This factor, 
being nearly equal to unity, could be deleted at low currents. 
But at high currents Jj/l increases and makes the first term so 
high that the other terms in equation (2..33) can be neglected. 


Por arbitrary doping profile the currents in the ? and N 
regions, can be written as 


J = 
n ¥ 


q D, 


n 


v4 




(2,4Sa) 


<^0 = r ' ■ ) 


(2.4Sb) 


where ¥p and are the widths of the P and N regions respectively 
and Y is the applied voltage. 

In P'*’ F diode, therefore, the electron current in P"*" 
region will be 


q B 


n 


nP “ o 


qV 

expCi.j?') 


(2.49) 


J ¥ (x)/njg dx 


-¥ 


and the hole current in the n'*’ region will be 


'pF " ¥, 


nn 


" ''P- — — exp(^^) 


J F ix)/n^ dx 


¥, 


re 


n 


(2.50) 
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•where nie for the heavily doped region is given in i equation 
(2.50). 


If long (means base region width longer than the diffusion 
length) P"** and F"** regions are involved, then equations (2,49) and 
(2.50) will be modified to take into account the minority carrier 
diffusion length. The decay in the current density c-n be appro- 
ximated by an exponential function. Therefore, for only and 
P'*' regions, equation (2.49) and equation (2.50) will be modified 


as 


qY 

J * J exp(^?‘) 
np ns KT 


where 


q ^n 


ns 


o X . . 

- ' o •' exp(- T—) 

f 

^T.T 6 


n 


- P 


and 


•^pN = ’ 


where 


ps 


-• .!».• ii- 1 

¥ 

nn 




n 


A 


Ni,(n) 

' nf, (X ) 


exp(- ^) dx 
P 


(2.51a) 

(2,51b) 

(2.52a) 

(2.52b) 


The total voltage drop across the diode will be the sum 
of the voltage drops across left junction, middle region and 
the right junction. The sura of junction voltage drops could 
be approximated by the diffusion voltage across the two space 
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charge regions. 

Thus, with the help of equations (2,45) to (2.47), (2.51) 
and (2.52), the J-Y characteristics could he calculated. The 
forward J-Y characteristics of PIJT diode using equation (2.40) 
and the above equations is plotted for different values of life 
time in Pig. 2.6 to Pig. 2.12, In the Pigures 2.6 to 2.11, 

Lanyon and Tuft’s foimula of band gap narrowing is used while 
in Pigures 2,12 to 2.17 S-lotboora’s formula is used. 

2.4 RESULTS AMD LISOUSSIONS 

Prom Pigures 2.3, 2.4 and 2.5 it is clear that the carrier 
density is maximum at the two ends of the base regions and 
minimum, somewhere in between. The concentration at the two ends 
is different due to difference in the mobility of electrons and 
holes. The minimum of the carrier density changes with life 
time. At life time greater than about 1 p sec. the carrier 
density is almost constant because of the low recombination rate. 
Por life time less than 1 U sec, a minima in carrier concentra- 
tion occurs, since due to small life time, the diffusion length 
becomes small and hence the carriers get recombine before crossing 
the base region. The plots of different currents are identical. 
The only difference being in the magnitude of the carrier concen- 
tration, which increases with current. 

Table 2,1 shows that when the reduction in band gap is 
considered, the J-Y characteristics does not change appreciably 
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Table 2^1 forward I~V Oharact eristics at Low Currents 
Using Different Expressions of BGN 


Current Voltage across Voltage across Voltage across 

density PIU without con- PIU with Lanyon's PIU with slot 

(A/cm^) sidering BGF(Volts) expression (Volts) Slotboom’s ex- 

pression (Volts) 



T 

=0.1 psec. 


1 

1.539 

1.539- 

1.539 

5 

1.622 

1.623 

1.622 

10 

1.658 

1.659 

1*658 

50 

1.741 

1.743 

1.742 

100 

1.777 

1.7S0 

1.781 


T = 1 jisec. 


1 

0.652 

0.652 

0.652 

5 

0.735 

0.735 

0.735 

10 

0.770 

0.772 

0,771 

50 

0.853 

0.856 

1.013 

100 

0.889 

0.893 

1,724 
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at low ourriots. While at high currents h, . 

band gap redaction 

modifies the J-V characteristics as conld h 

be seen from Pig. 

2. IS where voltage and current densitv • •, 

case i e lA/ith k plotted for both the 

band gap narrowing effect ^ -j 
. - , ^o^^sid6i’ed 3-Dd without 

considering its effect. This is due to th 

0 the fact that at lower 

currents band gap narrowing, which Is . 

, . , coouring in the base 

region only due to high carrier concentration • 

At higher currents the heavily doped region 
- ^ .4. regions are also coming 

in the picture, m which band gap is redn ^ 

Vo- u • ®'^uced considerably due to 

high impurity concentration. This alters th + 

saturation current 

density significantly, which in tum .ff ^ .u 

-fche J-Y characteri- 

'•^he voltage drop across PIN diode at u- u 
. . . higher current densi- 

ties is high, for low values of life time T:h,+ 

But as uhe life time 

increases beyond 1 sec. the voltage becomp^ i 
rn , tcomes nearly constant, 

o understand the vartatloh of voltage 

Plotted in .igires a.l9 and ..20 for low current densities and 

Xgs. . and 2.22 for high current densities. Ihe two plots 

of low current densities in which differenf f« n 

•^®nt formulae for band 
gap narrowing and the other two of hieh 

'Current densities are 

similar in nature. The voltage reaches a mir,-.- ■ 

_ ®^^i®ia at low currents 

for certain value of life time. Beyond fhi i 

^ ^hia value of life time, 

-6 Voltage again starts increasing. Thic! • 

® is because, as the 

life time in the base region is increased *u 

,, . carrier concentra- 

^loa in the base is also increased. Ihic. u 

has the well known 
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effect of enhancing the conductivity modulation and thereby 
reducing the voltage across the base region. However, in order 
to support a large carrier concentration at the edges of base 
region. The junction voltage must be raised as required by 
equation (2,56). therefore, increasing the carrier life time 
is useful as long as base voltage forms a significant portion of 
the applied voltage. After the value of life time at -which the 
base voltage becomes so small that it is negligible compared 
to junction voltage, an increase in life time will increase the 
junction voltage. 

At higher current densities, instead of minima, the voltage 
bedomes constant after a certain value of life time, which is 
plotted in figures 2.21 and 2.22. To understand the reasoning, 
observe that for large values of life time the recombination 
current in the base region is very small and therefore the total 
forward current will be determined by^ and (the end region 
currents). Herlet [17] has shown that at higher currents the 
total voltage drop across the diode is proportional to the square 
root of the current. Since the total current is constant, 
therefore, the voltage drop across PIH diode is also constant. 











CHJiPTER 5 


PORWASD RESISTARGE OE DIODE 

The foivard J-Y characteristics, discussed in the last 
chapter, are helpful in calculating forwa 3 ?d resistance of the 
PIN diode. The forward resistance, beside fixing the iso- 
lation/insertion loss (depending upon whether the diode is 
shunt or series connected), as a function of current is an 
important parameter in the use of PIJI diode as variolossers , 
amplitude modulation etc. In the present chapter the effect 
of various parameters on the dependence of forward resistance 
on current is discussed., 

3.1 EEEECT OE BAND &AP NARROWING 


The total forward resistance of PIN diode consists of 
contact resistance, resistance of the heavily doped regions 
and the base region resistance. At low currents the base 
region resistance is generally very hi^ as compared to the 
other components. Therefore, the total forward resistance 
at low currents consists of base resistance only. As the 
current is increased, the base region is flooded with more 
and more charge carriers,, which will decrease its resistance. 
At higher currents, therefore, the total forward resistance 
will consist of the contact resistance and the resistance of 
the heavily doped regions, the base resistance being negli- 
gibly small. 




Mm, d\ 





2'he base region resistance of the PIN diode can be 
calculated using the forward voltage drop across the base 
region, which is given by equation (2.^3) is rewritten 
here. 



4^ ^b ^ 

{ b^+2bcosh(W^/I) + 1>^ 


Ct 


an 


-1 


W /I 
, n 


1 + b exp(-W^/l) 

^ 1 + b exp(V^/L)" ^ 


_-] 1 + "b exp(-¥ /I) . 

- tan _ [AS (¥ ) 

1+ b exp(¥ /L) ^ S n 


AE (o) ] 


KT b-1 
q b+1 


•TT -Ja 


r b coshC^^n^^) + ^ t 

L' ‘ " - j 

{b cosh(¥^/l) +1} - 


In this equation, the last term is the voltage due to the 
diffusion current. If this term is delted the remaining will 
give the product of the forward resistance and current. 
Bividing by the current density'-, we will get 



A = 


4 kl b , 
J q II +b) 


sinh(¥^/L) 

{b’'^+2b cosh(¥yL) + l}"^ 


[ tan 


1+b exp(-¥^/L) 

^ +b" exp"(¥^/L) ■ 


tan 


1+b exp(-¥ /L 

{f- }] 

1+b exp(¥^/li) 
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Using equation (3.1), forv/ard resistance in -m cm^ is 
plotted in Pig. 3.1 with hand gap narrowing being considered 
as well as without being considered. The plot is linear 
if band gap narrowing is not considered (since log of forward 
resistance is plotted against log of fo 3 ns?ard current density). 
When band gap narrowing is considered, the fon^/ard resistance 
at higher currents increases. This is because, at higher 
currents, the carrier .concentration in the base region increases, 
which will increase the band gap narrowing and hence, the 
fo3nfljard resistance will increase. The forward resistance as 
a function of current is again plotted in Pig. 3.2 for a higher 
value of life time (v ;= 10.0 p sec). At higher life time 
the average carrier concentration in the base region increases 
which will increase the band gap narrowing. Now, a greater 
deviation from linearily is expected, which is in fact the 
case as can be seen from Pig. 3.2. 

3.2 SPPECT OP MATERIAL PABAMETERS ON POW'/ARL RESISTANCE 
3.2.1 Base width effect 

In order to find out the effect of base width, forward 
resistance is plotted as a function of base width for 
different values of current, in Pigs. 3.3 and 3.4. The for- 
ward resistance increases with increase in the base width, 

the increase being rapid at higher base widths. The forward 

* 

resistance is further plotted with respect to current for 
different base widths in Pigs. 5.5 and 3.6. The figure shows 







‘irn;^,:r;iT;:n:r 




• •!■'' * I '* ii?ii‘'''!* ■' ''*' ."i' !' ’ i 


i4l- ' *:v ;■.-,■■ 


’. < i/ : 




II: 




'r ll ^ ^ fr"*' i' . r; |i : ; 

-U: ■ ’v|; , 


f • 

;;K: 


■mo 




life 




7"": "”7 .! 




■7-4 


i'-.; 


i77''i7 
I, '■ ■■: ■ 

v.i[Ul 


77.^7 

.'■4 :; 


m 

rl'Z-'- 
' ■ ■ 

: : f , : . ; 

' ; ; > ; ^ A ' '' : 
I'M ’•■■ 

ui : 


:7.7<C .‘i, 


t-.rn";-: 

'vll'w 'j7'’'' 




’T.'i- '[* : ■ I'lV I *’ i' ‘ ”1 "T ■ ' . 

7 ;,: 7 . 7 ,-**:■ $lo-fbi>OWii '2 

'.■'2,' ttk.yipn l€ Tu.fi'i 

'■ Z>.. Without mmtderty^. ba'nd 
;■ : -iwfvowm^' ..'••r--,-; 


.t<,7.il, 

;:;7:f:.: 


i. ’‘77-^': 


.::::77l77;77;^ 




^ .,;|777 7'7:'j7-!ij' 77'7 77-,r7:i,7i'' jS 
' ; ' 17’, 7 :.!■■' 1 I.. ' ' ' . ■ . ! ! 

i;ii7!^i'7l:;ii.:'’!;|] I'i;';!'.:.-’-::'' * I- 1 

.77'l7ru!;;7'ii'|;;t’-i7i’|'7,', !,ii'7'77' ;'7’ :• ;, 

ili 447 777 .: llJliia',.'- : 4i! i;i;’ J7;f 



4 : 7 . ^■ 














77;:7li 


^ 



■ :i' 7; ;7:iL7 

7 , 1 ; ;r^-' 


Hiiii 

:4 :;'|S!i!:i:;i7;i 





»*. « 


. Slotbet-rn'S ■ ..,i . 

-X* Usini' ianpu' sijirf Tufl’f 
3. Wil^auf im^.-ffafi | 

I . , ; ■ Tnarfftwin*! •e^iecf' • i ■,;;■] ' 












.'•;- i ir;; ; + V.I.-d-rfliilf! 








, ii>Q, 

j;4:|iLi,h::i;:iu;:u;ij:iai;,|;4^^^ 

}, :i..,i/,;l,,:i!..:;.i.;i:i.|:: :Jj!’'L.ili:!ii:i;’|.M:..'4^r!!i;!!!i.i^ ;: 

i-ijitii'-it’rtiiiFTiiSf-rl: 


lill 


JS-pte 




r:/: 


’'Mliilliili 


11 

’’'lilillillilihlilii 





!ii4Ci(^il&ii|; 

Mm. 
















60 


that at higher base "widths the curve is linear while at lower 
ones it deviates from linearily at higher currents. The rea- 
son being, at base widths of the order of diffusion lengths, 
the carriers do not recombine. Hence, the band gap narrowing 
increases v/hich is responsible for the deviation at low base 
widths. 

3.2.2 Life time effects 

The effect of life time on forward resistance is an 
important aspect in the designing of PIH diodes, because it 
is the life time which degrades during the processing of 
wafer. AlmovSt every chemical impurity outside of columns 
III & V of the periodic table exhibits one or more deep 
impurity levels in Silicon [ 19 ] • amount of these impuri- 

ties that is incorporated into the silicon depends upon the 
time and temperature involved. Thus contamination pro- 
blems are more severe with deep diffused, high voltage ■ stru- 
cture, PIH diode being one of them. It is observed here, that 
if one tries to achieve higher breakdown voltage, the for- 
ward resistance increases. Attempt was made in our lab to 
fabricate PIN diodes of breakdown voltage higher than 1000 volts 
and at the same time the forward resistance should be 
<■0.25 ohms [20] . However, this was not achieved because 

special care had' to be taken to preserve high lifetime during 
the fabrication. The most important technique to preserve 
high life time is sealed tube diffusion instead of open tube. 
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In sealed tube, diffusions are conducted in an oxygen free 
atmosphere. Silicon dioxide clusters, •which are highly 
mobile at diffusion temperatures, migrate to the surface 
of the silicon. It is felt that the migration of the oxygen 
to the surface provides the driving force for the movement of 
fast diffusing impurities away from the junction region 
Thus high life time is preserved. The contamination problem 
is severe ■'^;ith open tube diffusion, though its effect can be 
reduced later to some extent by gettering. Halogehic compounds 
like POCl^, PBr^ & BBr^ while used as dopants liberate 
halogenswhich reacts with any impurity in the gas stream as well 
as with impurities within the silicon that reach to the sur- 
face during the diffusion. The reaction converts the impuri- 
ties into more volatile halides, which leave the system with 
gas. Bor metallic gettering, metals such as Mckel or Zinc 
are first evaporated, on the silicon, which is then heated in 
an inert atmosphere. Impurities try to move in the layer 
because of the higher solubility, resulting in an improvement 
in the life time. Layers of Borosilicate glass (BSG) sind 
Phosphosilicate glass (PSG) are also used for gettering. In 
fact, this creates diffusion induced defect visll ahead of 
diffusing front. These defects act as a sink for impurities. 
Thus part of the impurities are removed by out 'diffusion and 
rest, piles up in the damaged region under the glass. 

To find out the effect of life time, forward resistance 
is plotted against life time in Pig. 5.7., using Lanyon and 
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Tuft’s e:!:pression for band gap narrowing and I'ig. 3.S using 

Slotboom's expression. iHirther, forward resistance is plotted 

against current density in figures 3.9 and 3,10. The plot 

shows that forward resistance increases monotonically with the 

decrease in lifetime. Quantitatively, if we assume diode area 

2 

to be 0.0225 om , then for the same current i.e., 22.5 mA, the 
forward resistance increases from 4.4 Ohms to 4^.4 Ohms as the 
lifetime decreases from 10 fsec to 1 fisec. The reason being 
that as the lifetime decreases, the recombination rate is 
increased. Therefore, the charge carriers in the base region 
decreases and hence the forward, resistance increases. 
































CHAPTER 4 


T.SE BREAKPOVJH YOITAGE OE PUT EIODE 

The breakdown voltage is the most important parameter in 
the reverse I~Y characteristics of PUT diode. The breakdown 
voltage determines the blocking capability of PUT diode. High 
voltage PIF diode requires large base widths. But when the 
base width becomes very much larger than the diffusion length 
in the base region, the device may no longer be operated 
efficiently in forward mode. In Section 1.2.2 it is mentioned 
that there remains always a large difference between the break- 
down Voltage calculated theoretically using simple models and 
observed in the fabricated diodes. There are many reasons res- 
ponsible for this. The first section of this chapter deals with 
the calculation of breakdown voltage using simple model. Then, 
some of the reasons responsible for reducing breakdown voltage are 
discussed, followed by some of the geometries to contour the PUT 
diode such that its breakdown voltage is increased. 

4.1 EPPLCT OP HEAYILY DOPED REGIOF DIP URITY PROPILE 

The breakdown voltage is first calculated by taking simple 
model of constant doping profile in heavily doped regions. But 
this is very far from the actual profile. Because for high 
voltage device, deep diffusion is reciuired. Diffusions are 
performed In two steps, namely the predeposition and drive in 
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diffusion. In predeposition, the source is present all the 
time and this results in compl^mentaiy error function doping 
profile. In drive in diffusion, v;hich follows the predeposition 
the source is not present. The impurities already deposited 
during predeposition are driven in. It results in Gaussian 
doping profile, Ihough the compli;:.!nentary error doping profile 
is closer to the constant doping profile, yet only predepo- 
sioion can not be used for deep diffusions because of its 
temperature restrictions. Thus, Gaussian or exponential doping 
profiles are closest to the profiles in real life diode. There- 
fore, later, the breakdoAA/n voltage is calculated for exponential 
and Gaussian doping profiles also. 

The breakdown voltage essentially depends upon the critical 
electric field -which initiates the avalanching process. The 
critical electric field is related with the doping level and 
the ionisation integral. At critical electric field, the 
velocity of the carriers exceed their thermal velocity. "''Jben 
thcvse ’hot' carriers collide with atoms, they impart enough 
energy to valance band electrons so that they jump in conduction 
band resulting in the production of hole-electron pair. It 
starts avalanche process and results in the breakdown. The 
condition of starting of the avalanche process is that ioniza- 
tion integral should become unity in the depletion region. Thus, 
in case of .1 structure shown in Pig. 2.2, the condition 


of breakdown is 
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¥ 

n 


^ - J “p 
o 




“p) dx' } dx = 1 


(4.1) 


Hi ere and 
respectively . 
as 


p are the electron and hole ionization coefficients 
5’or silicon ionization coefficient can be written 


<^(E) = A exp (-B/|e|) cm“‘' (^^2) 

Where A and B are constants and 1 is the electric field. The 
values of A and B are given by [15], 

For electrons : 


A = 7.03x10^ /cm 

B = 1.231x10^ V/cm 

for 1. 75x10^ ■< E < 6.0x10^ T/cm 
For holes : 

A = 1.582x10® /cm 

B = 2.036x10® Y/cm 

for 1.75x10^ < E < 4.0x10^ Y/cm 

and I- 

A = 6,71x10 /cm 

B = 1.693x10® Y/cm 

for 4.0x10^ < E < 6.0x10® Y/cm 



70 


4.1.1 Constant Doping Profile 


Por constant doping profile, eqn. (4.1) is solved numeri- 
cally on computer using Simpson's rule of integration. Po find 
electric field in the base region, Poission's equation in one- 
dimension has been integrated. Poission's equation for base 
region is written as 


d^Y 

17 




(4.3) 


On integrating eqn. (4.3) 


dx 




S "o 


+ E 

0 


or 


q 


E 


X 


where E^ is the constant of integration and is the electric field 
at X = 0, i.e., the maximum electric field. It can be written as 


Thus 



q N. 


E = 


D 


£. e 
r 0 


X 




r2q 


e e 
r 0 



(4.4) 


(4.5) 


Equation (4.5) shows that electric field is a function of x. 
During computation, of ionization integral given by ecji, (4.1), 
electric field is calculated at each point by using e(}a.(4.5). 
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Iterations are made till the value of ionisation integral 

heoo^ies unity. At this point the voltage across VIM diode is 

hreaMown voltage. The hreaMo™ voltage is oaloulated for 

different values of dopine in the -hcoro , 

y It in tne base region and is plotted in 

lig. 4.1. 

4.1.2 Exponential Doping Profile 

The breakdown voltage oaloulated using constant doping 
profile is very much larger than the observed values. Therefore, 
in this section exponential doping profile, which is more reali- 
stic than constant doping profile, is assumed. Mov the impurity 
concentration can be written as 

¥ + X ¥ - X 

S-(x) = exp(- -Ej.—) . exp(- ) (4.6) 

where and are the surface concentrations of P'^ and 

regions. is the base region impurity concentration l.|,l 2 
are constants. 

Here also, the electric field can be calculated using Poission’s 
equation. It is written as 
qH'(x) 


On integrating 







73 


£ ' 

. 

r 

0 


1 


£ 

r 

0 

6Y^ 

X 

r 


-)-]7^ - 

jj^ B %o ~T7 


-) dx 


P -|-2[ 

L ~^'^pn “?— ) - ¥ -j T '^nn ~ 

I’D 1 I ^ V " ^^ifo I'2.exp(- “ ™„)] 


e e 
r 0 


W —X 

" ^ ^PO ^1 ^) - 

n ^ ‘ ' T 


no 2 jj “') - I'Tp^ L^ exp(~ 


W - X 

V " \o^2 ~-^~~)] 


(4.7) 


Calculating the electric field at every point using (4.7) the 
ionization integral is solved. Iterations are Perfcmed until 
ionization integral becomes unity. The breakdown voltage is 
calculated corresponding to that electric field by integrating it. 
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The breaMowa voltage Is calculated for dlffcreot base 
region doping concentration and, ie plotted in Pig. 4.2. 

4,1.3 G-aussian .Doping Profile 

If Craussian doping profile is assumed, the impurity con- 
centration will De 

W 2 F ~x 

i:T(x) = Np^.expC- exp(- )2 (4.9) 

where symbols have same meaning as in eqn. (4.6)., IJj and 
'L '2 bj:o constants. 

Since it is difficult to integrate eqn. (4.9) analytically 
therefore, the electric field at each point is calculated numeri- 
cally integrating eqn. (4.9). Once again the breakdown voltage 
is found by iterations as in the previous cases and is plotted in 
Pig. 4. '5. 

Ihe break;dow,n voltage does not differ much when exponential 
and Gaussian doping profiles are considered. But it reduces 
appreciably when compared with the values with constant doping 
profile, 

4.2 OAIJSBS OP PREHAIITRE BREAICDOW 

, If accurate brealcdown voltage is to be calculated, then 
the surface states of the PIF structures must also be considered 
which are responsible for the reduction in breakdown voltage. 

Phis effect is more important in case of plane PIM diodes. Due 
to co.nt aminat ed -surface and surface state charges, the surface 
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electric field changes which may also hp +Vio ^ 

he the cause of premature 

breakdown voltage. Calcoi n+i u- , . 

^ ‘calculations which involved surface effects 

also need a two dimensional analvqio tv, t 

analysis. In planar diodes the 

junction takes a curved surface near the houndaiy of the semi- 
conductor diffusions, due to lateral diffusion. As a result 
the depletion la^er in this region is distorted and results’ln 
an electric field that differs from parallel pl^e junction. 

The calculation shows that electric field is higher at the 
curvature and this causes the prmature breakdown. The problem 
IS more severe with shallow junction. To an approximation, 
the radius of the cylindrical junction is equal to the junction 
depth. Thin can be seen from the figure which shows a n'*'? 
shallow diffased lateral diode, r, and rg are the radius of the 
junction atld depletion region respectively. On writing Polsslon' s 
equation in cylindrical form [21]. 


- a.r ^ dr^ - r dr ^ 


(4.10) 


The boundary conditions are 


E = E 


E = 0 


r = r. 


r = rr 


m>‘V T7?I 


On integrating equation (4.10) from r.^ to rg,; 

q .„2 rr, 


Ta E ~0 
1 rn 
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r 0 r. 

2 2 ' 
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(4.11) 
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Equation (4.11) is further Integrated to find out the 
iDreakidowii voltage. The boundary conditions are 


V = 0 


r = r. 


7 = 


BY 


r = rr 


The integration gives 


BV 


q F„ 


(^2 


r o -"1 

2 e e 

On writing I = --- ^ ° 


2 2 
2 ~““) 


r2 - r^ 


(4.12) 


to eliminate r. 


combinirgeqn. (4.11) and (4.12) 


results in 


e £ 

B7 , [(1+1) ln(1+Y) - Y] 

2q Y 


(4.13) 


The breakdown voltage for parallel plane 
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junction is given by 


Hence 

BX,. ^ 2 la(1+l) - I] (4.14) 

PP ^ 

BY/BV is plotted against Y using equation (4.14) in 
PP 

Ei^iurt 4.4. In I everything else is kept constant excepting 
r.^. The plot shows that the breakdown voltage of cylindrical 
junction approaches that of a parallel plane structure for 
large values of r.^ but falls as the radius is reduced. 

Besides this, micro and meso plasmas may also lead to 
the dutoriation of reverse characteristics which are caused by 
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aay inhomogeaeity in the crystal. The inhomogeneity can come 

about as a material property because of structural or doping 

imperfections, Microplasma consists of quasi neutral regions 

flooded with holes and electrons in almost equal numbers. It is 

described by three constants [22] a voltage a time t and a 

current If the voltage is below the microplasma is 

off and carries negligible current. If the voltage rises above 

"V-n^ microplasma on an average waits for a time x and than 

.0 • o ’'’ 

switches on and carries a current As the voltage drops 

below the microplasma at once switch off. Microplasma is 
inherently stable. In steady «tate, the rate of electron - hole 
pair production in a microplasma is equal to the rate of loss of 
carriers from the filament by diffusion. Thus an increase in the 
rate of pair production, e.g. , by raising the applied voltage, will 
be balanced by an increase in filament diameter, until a new 
steady state condition is reached. This is true as long as the 
local temperature is below the intrinsic temperature, where 
intrinsic temperature is defined as the temperature at which 
carrier concentration due to thermal effects becomes equal to 
the badcgrouncl concentration. Beyond this temperature, the 
generation of electron hole pairs can advance rapidly and inde- 

pendontly of the electric field, accompanied by a rapid local 
rise in temperature. This is accompanied by a rise in the 

current density, resulting in the formation of the giant plasma. 
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The establishment of microplasma results in an irreversible 
damage to the device. This failure mode is referred to as 
second breakdown. It is defined to a transition to a state of 
higher conductance in a reverse biased avalanching semicondu- 
ctor device. On studying second breakdown [23] by applying short 
high amplitude current pulses, it was found that these is a delay 
time between the application of a pulse and onset of second break- 
dow?n transition, "When the current pulse is applied, the junction 
temperature reaches to a critical value and the voltage starts 
falling [ 24 ], However, the_ junction temperature is never unifom 
because of the inhomogeneties. Thus at a localised site the 
voltage will drop fiister than in the surrounding regions, which 
will li.'ad to current channeling. This will increase the tempera- 
ture further and consequently the channeling will_increase. With 
this the junction ceases to avalanche locally, because the vol- 
tage falls at nuoleation site. The distribution of current_in 
the neighbourhood of nuoleation aite is modified_and the current 
funnels into the channel as shown in Tig. 4i5, Accompanying the con- 
verging current is the spreading resistance that ballasts the 
channel find produces , a potential gradient along the junction, 

Wien the voltage reaches the avalanche voltage Yg, the junction 
again conducts. The voltage across the device does not change 
appreciably with the formation of junction channels like this. 

The growth of the filament channel increases as the local 
region roaches the temperature T 2 after which the resistivity 
starts falling, as shown in the temperature - resistivity 
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Pig. 



4.5 Current Distribution in 
Reverse Biased Diode 
showing Channeling 


^tg»4*6 Temperature Resistivity 
Curve for n-type Silicon. 
Tjjj is Melting Point 



Pig. 4. 7a Positive Bevelling 


Pig. 4. 7b Negative Bevelling 
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ourve; In Pig. 4.6 [23]. Between temperature 5), and T an 

d. in» 

increase in local temperature produces an increase in local 
current, ^v;hi-h tends to increase the temperature further. (The 
process continues until heat sinking or -ircuit constraints 
prevent further temperature rise or the devi-e is destrofed^ Dur- 
ing the growth the filament is stabilized by series resistance of 
the portion of the high resistivity region (which is at a tempera- 
ture less than *^ 2 ^ that feeds the element. The temperature at 
the center of the filament rises will above Tg. ‘’''hen the fila- 
ments bridgos the high resistivity region, the temperature at its 
centtir rises still further and a melt is formed, a narrow high 
conductance region that replaces the original filament. This is 
the destructive form of second breakdown. 

4^5 GEOHJ'RIIS TO IJffiROVE BREAKDOWIT 

Howev^,r, one can improve the breakdown voltage by surface 
contouring in case of plane diodes and by providing diffused 
guard rings or field plate in planar diodes. 

4.3.1 In Plane Diodes 

The surface contouring geometries io'^lude positive bevelling, 
negative bevelling, deep moat etch, depletion et^h method and 
substrate etch method. 

A positive bevelled junction shown in Pig.4.7(a) is one that 
results in a junction of decreasing area when going from the 
heavily doped side to the lightly doped side. The positive 
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•bevelling results in a surface electric field that is less than what 
it would he if the junction had not been bevelled. Also the po- 
st'^ ion of peak surface electric field shifts from the metallur- 
gical junction and into the lightly doped side. 

_ A negative bevelled junction is one that results in a 
junction of decreasing area when joining^^from the lightly doped 
side to the heavily doped side. _ In this '•’ase, the peak electri<^* 
field may t.,lthi.,'r increase or de'^rease depending upon the a^glo and 
the impurity distribution. Generally, in highly assymetric jun- 
ctions, thu edge of the depletion region on lightly doped side 
moves mu ^h further than that on the heavily doped side. There- 
fore as the angle is rtducud from 90® -bhe field increases until 
the edge on the lightly doped side reaches the junction, The 
field is maximum at this angle. Reduction of the surface field 
occurs with further reduction in angle magnitude because the 
surface; of the depletion region on heavily doped side is increa- 
sing. 

Both positive and negative bevelling have_the drawback that 
these require mechanical grinding of_the surface, itirtherraore, 
processing steps like passivation etc., which follow the bevel 
step are to be done on individual chips. Therefore some other, 
geometries depending upon the same principle are described which 
include deep moat etch, depletion etch method ahd^^substrate etch 
geometry which are shown in Rig. 4.8(a), (b) and (c). 
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Pig. 4.Ba Deep Moat Etch Pig. 4.8b Depletion etch method 




Pig, 4. 8c Substrate Etch 
Geometry 


Pig. 4 . Sd Geometry Proposed by 
Korde & Hasaa 
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Thy deep naoat etrh is used vjhere many devices have to he 
fabricated on single wafer. In this method, the breakdown 
voltagu is generally 60 to ^805^ of the ideal breakdown voltage and 
depends upon the effectiveness of the passivation. Adler and 
Temple [ 25 ] observed that very close to ideal breakdown voltage 
can be achieved in plane diodes using depletion etch method. 

The results were comparable with those obtained with negative 
bevel but with the lesser loss of device area. The main problem 
with thin method is that the etch depth is critical and requires 
micron accuracy. Same authors [26] later described another 
goorn.try nat'U'd substrate etch geometry. The substrate etch geo- 
metry bi.-arn thr; siuno relationship with positive bevelling as the 
depletion etoh method with the negative bevelling. It is observed 
that .;tch into the depletion region on the lightly doped side 
is el’ic.ctivv; ill reducing the pea^ surfa'^e electric field, while 
ni>t incrcasiiig the peak bulk electric field. ^It is further 
shown that this geometry results in the enhanced breakdown 
voltugi.; over a wide range of etch depths. 
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4.3.2 In Planar Diodes 

In planar diodes, tiie curvature of the depletion layer 
near the boundaries of diffusion results in the premature 
breakdown. The curvature can be controlled the same extent 
by using following geometries [l9j. 

Diffused guard rings could be used to force the curvature 
of the depletion layer in opposite direction so as to avoid edge 
breakdown. Pig. 4.9a shows such type of structure in which 
deep n"^ type annular rings are first diffused, which is followed 
by a n”^ shallow diffusion. The deep annular diffusion is desig- 
ned to have a breakdown voltage higher than the breakdown vol- 
tage of the shallow diffusions in parallel plane regions* 

The other method to control the depletion layer curvature 
near the edge of the diffusion is to provide field plates. It 
is particularly suitable for diffused junctions made by photo- 
masked processes. A n"^! diode having field plate is shown in 
the Pig. 4.9b. If a positive voltage will be applied, it will 
increase the curvature by making the underlying semiconductor 
more P type. While a negative voltage at field plate will make 
the underlying semiconductor less P type and hence the deple- 
tion layer curvature will be reduced. Thus the depletion layer 
curvature can be controlled by the polarity and magnitude of the 
voltage applied at the field plate. 
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Fig. 4.9a Diffused guard ring structure 



nr£rx'2Xfyaxfwrf.r7j.mifurff7^ic/^^jxf.nnnjtu 

Fig. 4,9b The effect of a field plate on the depletion 
layer 

Hence, for accurate prediction of breakdown voltage 
one has to take into consideration all the effects discussed 
earlier and to bring the breakdown voltage closer to the 
theoretical limit proper contouring of the surface is normally 
done. These techniques are used in the case of high voltage 
rectifier diode as well as SCR. 
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OOITOLUSIOIT 

The forward I-Y characteristics of the PIF diode is cal- 
culated, It is seen that hand gap narrowing, the result of heavy 
doping, does influence the I-V characteristics. At low currents, 
the hand gap narrowing does not alter the I-Y characteristics. 

But if the life time is very much increased, the forward chara- 
cteristics at low currents is also influenced. At high currents, 
the hand gap narrowing effects the forward characteristics. At 
low currents the forwaird voltage decreases with the increase in 
life-time upto a certain value of lifetime, after which it again 
starijs increasing. At high currents, initially the forward vol- 
tage decreases, hut later it becomes constant. Thus, there is 
an optimum lifetime for which the voltage drop is minimum. It 
also points out that the control of lifetime is important in 
the fabrication of PIU diode. 

The forward resistance increases if the hand gap narrowing 
effect is considered. The increase is dependent on base region 
width as well as lifetime. The increase is more for diodes 
having large base region width and high carrier lifetime. 

In the reverse characteristics the breakdown voltage is 
studied. It is found that the breakdown voltage is dependent 
on the impurity gradients at the junctions. The contaminated 
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surface and curvature of depletion region are the main factors, 
due to which electric field is increased at a particular rea&a 
only and pre-mature breakdown occurs. Besides this, meso- 
plasma also results in the reduction of breakdown voltage. 

The proper contouring of the surface, diffused guard ring and 
field plates help in avoiding pre-mature breakdown. 
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